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Abstract 
A Miniature Microwave (MMW) Inductively Coupled Plasma Source (ICP) is characterized 
by optical emission spectroscopy and by optical imaging of nitrogen plasma. The MWW 
source operates in two different modes (H – mode and hybrid – E/H mode) with different 
plasma parameters and different emission morphologies, depending on the absorbed 
microwave (MW) power (Pabs). The measured spectra of the second positive system (N2(C-
B)) and of the first negative system (N2+(B-X)) of nitrogen reveal an electron density ne = 
(6.4±1.7)×1018 m-3 and a gas temperature of Tg = (650±20)K for Pabs = 13 W at a pressure of 
1000 Pa. By increasing the absorbed power to Pabs = 78 W the parameters increase to ne = 
(3.5±1.7)×1019 m-3 and Tg = (1600±100) K. The discharge morphology in hybrid and H - 
mode is different. While in the H -mode the plasma resembles a “donuts” shape,  the hybrid 
mode has a very narrow shape close to the walls and to the gap capacitor of the resonator. For 
our discharge conditions the power absorption is limited to 158 W, above which the 
discharge spontaneously switches from H – mode to hybrid mode. 
Keywords: Microwave plasma, inductively coupled plasma, E- mode, H-mode, nitrogen 
plasma 
 
Owing to achievable high efficiency of power coupling 
between generator and plasma and due to very broad possible 
variations of working gas pressure and input energy, a non-
equilibrium microwave discharge is very promising for 
different applications like surface modification of polymers 
[1], gas conversion [2], cutting and welding [3], analytical 
spectroscopy [4] etc. The disadvantage of high density 
microwave plasma is its strong inhomogeneity, mostly 
because of the limited penetration depth. Therefore, the 
treatment of broad surfaces with atomic or other chemical 
active radical flows can be difficult. To solve this problem, the 
treated surface must be scanned with a microwave reactor or, 
alternatively, a microwave micro-reactor array can be applied. 
A miniature double microwave plasma jet source, as a 
prototype for such an array, was developed and analyzed in 
[5]. It was shown that the double Miniature Microwave 
(MMW) plasma jet source can be operated with argon and 
oxygen in both capacitive and inductive coupling modes (E 
and H) under very different conditions. For oxygen in H- 
mode more than 85% of incident power is absorbed in plasma. 
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In order to compare the experimental and theoretically-
expected conditions the conductivity was simulated and 
compared with the measured one using COMSOL 
Multiphysics simulation software.    
In the present paper we characterize the plasma parameters 
in a single MMW reactor, similar to that studied in [5], by 
using optical emission spectroscopy (OES) in nitrogen flow. 
The UV emission spectrum of nitrogen consists of two 
intensive emission systems with different energetic terms and 
is very sensitive to the variation of the electron density and of 
the electron energy distribution function.  This makes N2 
molecule the most appropriate for spectroscopic plasma 
characterization. The plasma parameters are determined in 
both E- and H- modes. 
The employed plasma source is a loop gap design 
resembling that of Piasecki [6]. The shape of the copper 
resonator surrounding a quartz tube is presented on the bottom 
of Fig. 1. One end of the quartz tube is connected via flange to 
a vacuum chamber and the other end to a gas flow controller 
with a gas flow of 150 sccm of nitrogen (Air Liquide) with 
purity 5.0. The gas pressure can be varied by regulating the 
pumping speed of the rotary vane pump but for the results 
presented here is kept to 1000 Pa. Nevertheless, the ultimate 
vacuum is of the order of 10-2 Pa. 
The copper resonator has a 0.5 mm gap (e) that ensures a 
capacity leading to a resonance of the source without plasma 
at 2.6 GHz. The length of the resonator in the direction parallel 
to the optical axis is 8 mm. The MW power source is a KU SG 
2.45-250A (Kuhne-Electronic) signal generator delivering up 
to 250 W. The signal generator has an integrated directional 
coupler and two power meters, measuring the forwarded and 
reflected powers. The Labview program sets the frequency 
and the output intensity of the signal generator and reads the 






















Figure 1. Schematic of the experimental set-up for characterization 
of MMW plasma source. Top: optical arrangement; bottom: copper 
resonator cross section perpendicular to the optical axis.  (a) Al 
shielding, (b) resonator and its position inside the Al shielding, (c) 
quartz tube, (d) plasma and (e) gap capacitor. 
 
The top of Fig. 1 shows principle scheme of the optical set-
up. Microwave plasma is monitored by two optical systems 
simultaneously. From the left hand side, the echelle 
spectrometer (ESA 3000, LLA Instruments) is used to 
measure the spectrum of nitrogen emission, namely of the 
second positive system (N2(C-B)) and the first negative 
system (N2+(B-X)). The spectrometer was previously 
absolutely and relatively calibrated [7]. The spectrometer 
provides a spectral resolution of 0.015–0.06 nm in the range 
of λ = 200 – 800 nm, which suits well for measurements of 
rotational distributions of N2(C-B) and N2+(B-X) emission 
bands. The optical emission is coupled to the spectrometer via 
optical fiber that collects the light from the plasma through a 
quartz window. 
From the right hand side plasma emission is measured by 
an intensified charge-coupled device (ICCD) camera through 
another quartz window. In this way the camera detects the 
radial emission distribution of the plasma jet. The optical 
imaging system consists of a macro objective (Rodagon, 
Rodenstock) with the depth of field around 5 mm that is 
focused on plasma resonator’s middle plane perpendicular to 
the discharge axis. In the combination with the UV enhanced 
ICCD camera (4Picos, Stanford Computer Optics) the radial 
discharge images have been measured with a spatial resolution 
of about 28 micrometers. The exposure time of the camera can 
be varied from a minimum of 200 ps to 1000 s. The chosen 
exposure time in our experiment is 5 ms or 20 ms, based on a 
sufficient measured signal in two different discharge modes.  
Because both optical methods record an axially integrated 
light, in order to get a proper information of plasma 
parameters in the active region within a resonator cavity, it is 
necessary to know the axial light distribution, especially in the 
case when the plasma extends outside the resonator cavity. In 
addition, to determine the electron density from absolute 
intensity measurements, the active plasma volume has to be 
known. In order to measure the axial light distributions, the Al 
shielding is provided with three additional holes (1, 2 and 3 on 
the Fig. 1) having 3 mm in diameter. By using calibrated 
echelle spectrometer, it is possible to measure the absolute 
emission intensities of N2(C,0-0) and N2+(B,0-0) along the 
discharge axis (i) at 2.5 mm and 7.5 mm away from the 
resonator edge on the right hand side and (ii) 2.5 mm on the 
left hand side (Fig. 1). These measurements show that the 
contribution of plasma outside the resonator cavity to the total 
line integrated absolute intensity is not higher than 20%. This 
is latter used as a correction of the OES results. 
The gas temperature in the plasma is determined by using 
the rotational distribution in the emission spectrum of the 
N2(C-B,0-0) vibrational band, under the assumption that the 
translational and rotational degrees of freedom in the ground 
state of nitrogen molecule (N2(X)) are in equilibrium. The 
electronic impact excitation of diatomic molecules is limited 
by the selection rule ΔJ = 0, ±1. Therefore, the rotational 
distribution in the excited molecular state is approximately 
equal to the rotational distribution in the ground state of the 
molecule. Nevertheless, the identification and deconvolution 
of the measured molecular emission spectra is a complicated 
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task that requires high spectral resolution of the spectrometer. 
To determine rotational temperatures of N2(C) and N2+(B) 
states we use libraries of simulated rotational spectra by 
different rotational temperatures with the step of ΔT = 20 K, 
which are then convoluted with the instrumental profile of our 
spectrometer. The measured and tabulated spectra are 
compared manually until the best match and the interval of 
confidence are found. The interval of confidence gives an 
error better than 10%, which provides a good accuracy of OES 
diagnostics. 
Electron density (ne), reduced electric field (E/N), and gas 
temperature (Tg) are determined by measuring the molecular 
nitrogen light emission. This technique has already been used 
for characterization of different plasma sources containing 
nitrogen as a working gas [8-10]. Here, only the most 
important features of the diagnostic will be outlined. 
The emission spectrum of nitrogen in the UV range has two 
distinguished emission systems, namely N2(C-B) and N2+(B-
X), whose excited states have very different energetic terms, 
namely 11.05 eV and 18.74 eV, respectively. Therefore, the 
emission spectrum of nitrogen plasma is very sensitive to 
variations of the electron energy distribution function. The 
most relevant collision processes leading to the population of 
the N2(C) and N2+(B) states are 
  
e + N2(X)  N2(C) + e (1)         
e + N2(X)  N2+ (B) + 2e (2) 
e + N2+ (X)  N2+ (B) + e. (3) 
 
Further, the reactions that consider the gain and the loss of 
metastables N2(A) are included in our analysis 
 
e + N2(X)  N2(A) + e (4) 
e + N2(A)  N2(C) + e (5) 
e + N2(A)  N2(B) + e (6) 
e + N2(A)  N2+  + 2e (7) 
e + N2(A)  N + N  + e (8) 
N2(A) + wall  N2(X). (9) 
 
Considering our experimental conditions, N2(A) metastable 
pooling and other heavy particle collision reactions of N2(A) 
are neglected. 
Under our plasma conditions, the molecular states N2(C) 
and N2+(B) are excited by direct electron impact of nitrogen 
ground state N2(X) (Eqs. (1) and (2)) and by stepwise electron 
impact excitation via the metastable N2(A) (Eqs. (5),(6), and 
(7)) and the ground state of nitrogen ions N2+ (X) (Eq. (3)). 
Cross sections for electron impact excitation of excited states 
of nitrogen (σexc(Ekin)) are well known [11-13] and are used for 
the evaluation of ne and E/N. 
Under given assumptions the intensities of N2(C-B,0-0) and 
of N2+(B-X,0-0) can be described by following equations 













)  (10) 








where [N2] and [N2+] are the densities of the respective species 
and the top and sub-indices at the rate constants (k) represent 
the molecular states before and after electron impact 
excitation, respectively. The branching factor B1 = 0.5 
describes the relative population of the vibrational level v’ = 
0 of the excitation of N2(C) by electron impact excitation of 
N2(A) estimated in [8].  The branching factor B2 = 0.5 
represents the Einstein coefficient of the N2(C-B,0-0) 
calculated in [14]. The term Diff in Eq. (10) represents the 
probability of nitrogen metastables’ decay by diffusion and 
quenching on the tube wall and by leaving of the active plasma 
volume along the tube axis (Eq. I). This term is neglected at 
the first step of MW plasma characterization. The reliability 
of this assumption is discussed below. Collisional quenching 
factors, 𝑄𝑁2(𝐶) and 𝑄𝑁2+(𝐵), are calculated after Eqs. (12, 13) 
by using known Einstein coefficients (𝐴𝑁2(𝐶), 𝐴𝑁2+(𝐵)) of the 
respective emission transitions, N2(C-B) and N2+(B-X), and 
the rate constants of collisional quenching in nitrogen plasma, 
𝑘𝑞
𝑁2(𝐶)  and 𝑘𝑞
𝑁2
+(𝐵)














  (13) 
The rate constants, used in Eqs. (1, 2) are calculated by 
using the known cross sections of electron impact excitations 
(σexc(Ekin)) [11-13] and the electron velocity distribution 
function (EVDF) fv (Ekin). The EVDFs are determined by 
solving numerically the Boltzmann equation for different 
reduced electric field values [16]. The EVDF and the rate 
constants for electron impact excitations are calculated after 
Eq. (5), where Ekin is the kinetic energy in eV, me the mass and 
e the elementary charge of an electron. 







The system of equations is closed by the assumption of 
quasi-neutrality between electrons and molecular ions (N2+, 
N4+). Four atomic ions are produced in nitrogen plasma in 
three particle reaction of diatomic ions. Under relative low 
pressure and high gas temperature as those of our 
experimental conditions, the participation of four atomic 
nitrogen ions in charged species balance is, however, 
negligible. Therefore, the plasma parameters in our MW 
plasma are determined by a system of simplified non-linear 
equations (Eq. (6-15) and Eq. (7-16)) of ne. 
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This system has two solutions corresponding to two 
distinguished physical conditions namely: N2(C-B) and 
N2+(B-X) emissions can be excited under (i) high electric field 
and low electron density, or (ii) by low electric field and high 
electron density. This ambiguity of the OES diagnostic is 
solved using the rotational distribution in the emission spectra 
of neutral and ionized nitrogen molecules [17]. As was 
mentioned above, the population of rotational levels of neutral 
nitrogen molecules in MW plasma corresponds to the gas 
temperature. In contrast, N2+ ions are accelerated in the 
electric field of the plasma and the rotational temperature of 
these ions increases because of collisions with the ambient 
gas. The rotational temperature of a molecule is not changed 
by electron impact excitation. Therefore, if the measured 
rotational temperature of N2+(B-X) ions is similar to the 
rotational temperature of neutral N2(C-B) then both species 
(neutrals and ions) are excited from the ground state of the 
neutral molecule N2(X) through “direct” electron impact 
excitation (Eqs. (1) and (2)). This case corresponds to the (i) 
high electric field and low electron density [17]. If, however, 
the rotational temperature of the emission spectrum of ions is 
higher than the rotational temperature of neutrals, the N2+(B) 
state is excited by electron impact from the ground state of the 
positive ion N2+(X)(Eq. (3)), which is characteristic for (ii) 
high electron density and low electric field [18]. 
We investigate here two characteristic discharge conditions 
driven by two different powers: (a) low absorbed power Pabs = 
12 W and (b) high absorbed power Pabs = 78 W. These 
discharge conditions are chosen as an example of different 
discharge modes of the MW plasma source, which will be 
discussed. They are also relevant in accordance to the 
microwave spectroscopy. 
In Fig. 2 the measured emission spectra for low and high 
absorbed power are presented. The measured rotational 
temperatures of the N2+(B-X,0-0) vibrational band are higher 
than the rotational temperatures of the neutral nitrogen in both 
cases. In accordance with the above discussion, the discharge 
conditions for both MW powers are such that the N2+(B) state 
is excited mainly by the electron impact excitation of N2+(X) 
state (Eq. (3)) and the Eq. (16) can be simplified to Eq. (8-17). 
The nitrogen density under MW plasma conditions is 
determined using the measured gas temperature and ideal gas 
law. 












Figure 2. Emission spectra of nitrogen MW plasma for (a) low (Pabs 
= 12 W) and (b) high (Pabs = 78 W) absorbed power. The N2(C-B,0-
0) (red) and N2+(B-X,0-0) (blue) vibrational bands are simulated and 
fitted to the measured ones (see text). In spectrum (a) intensity in 
spectral range λ > 384 nm (from the vertical dashed line to the right) 
is multiplied by 10. The simulated spectra are shifted for clarity and 
their mesured counterparts are pointed by arrows 
 
By using the measured intensities of the nitrogen emission 
lines, the determined plasma volume, the nitrogen density and 
the calculated rate constants for electron impact excitation, we 
determine the averaged reduced electric field and the electron 
density in the active region of the MW resonator by applying 
the Eq. (9-18) and Eq. (10-19), respectively. The determined 
plasma parameters are listed in Table 1. 
 











12 650±20 56±1.5 6.6 (6.4±2.7)×1018 
78 1600±100 66±2.5 3.1 (3.5±1.7)×1019 
 
 







































Trot = (650±20)K  
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)   (18) 
                   𝑛𝑒 =
𝐼𝑁2(𝐶)
𝑄𝑁2(𝐶)∙[𝑁2]∙𝑘𝑁2(𝐶)
𝑒𝑥𝑐     .  (19) 
 
To estimate the accuracy of measured plasma parameters 
the contribution of different processes and their cross sections 
in Eqs. (18) and (19) are analysed. The contributions of direct 
electron impact excitation of N2 (C) to the N2(C-B,0-0) 
emission (first term in Eq. (18) - 𝑘𝑁2(𝐶)
𝑁2(𝑋)) and the N2 (C) 
excitation via N2(A) (second term in Eq. 9) for 12 W and 78 
W discharge powers are 48% and 40%, respectively. These 
values are used to weight the relative error contributions of 
direct electron impact excitation (first term in Eq. (18)) and 
the stepwise excitation via N2(A) (second term in Eq. (18)) of 
N2 (C) state to the estimated error bars of plasma parameters. 
Further, accuracies of cross sections for the relevant processes 
are taken from the literature and used for the error estimation.  
Measured cross sections of processes (1), (3) and (4) and their 
accuracies are analysed in [11,13]. The accuracies of cross 
sections for stepwise excitation of N2(C) state via nitrogen 
metastable N2(A) (Eqs. (4) and (5)) are estimated by analysing 
of measured [11] and calculated [12] cross sections. In 
addition, we estimated the accuracy of solving the non-linear 
equation (18). The estimated error bars are listed in Table 1. 
As is previously assumed, in our analysis of measured data 
we neglect direct impact excitation of N2+(B) state. To validate 
this assumption, we determine the relative contribution of 
direct electron impact excitation of N2+(B) state (Eq. B) to 
2.7×10-5 and 2.3×10-5 at 12W and 78W, respectively. Based 
on this values we can conclude that influence of direct electron 
excitation to the N2+(B-X) emission is negligible in our 
experiment. 
The radial images of the discharge are presented in Fig.3. 
In the case of the low power (Fig. 3a) the plasma emission is 
concentrated closely to the quartz glass and symmetrically to 
the position of the resonator gap capacitance. The image of 
high MW power (Fig. 3b) presents a coaxial plasma layer with 
a minimum of light emission intensity near the tube axis. By 
using the FWHM of the radial intensity distribution, the 
estimated radial thicknesses of the plasma layer at low and 
high powers are 0.75 mm and 1.2 mm, respectively. The 
plasma layer thickness helps us to determine the plasma 
volume at different absorbed powers.   
The both images show that the plasma emission and the 
plasma density are not homogeneously distributed over the 
discharge cross-section. The low power discharge has a very 
narrow emission area close to the quartz wall and 
symmetrically arranged in respect to the axis of the gap 
capacitor. This strongly indicates the plasma E - mode of an 
ICP, where the plasma density is lower and the sheath voltage 
is higher. This corroborates well with the position of the 
maximum intensities near the gap capacitor, where the electric 
field is the strongest.  Recently developed model in our group  
shows that the strongest electric field in the E-mode is close to 
the gap capacitor. Nevertheless, due to the plasma shape and 
relatively high plasma density (6.4×1018 m-3) we believe that 
this mode is not a pure E-mode but more hybrid mode (E/H), 
which was previously described for radio-frequency plasmas 
[19].  
For the high absorbed power (78 W) the plasma takes the 
“donuts” shape. The ring of high intensity plasma emission is 
close to the quartz wall with the small deviation of the radial 
symmetry close to the gap capacitor. Nevertheless, the high 
electron density (3.5×1019 m-3) and the high gas temperature 
(1600 K) strongly indicate the H-mode of ICP MMW plasma 
source. 
We have to note that, by increasing the incident power for 
given pressure and reactor radius there is a limitation at 158 
W. By further increase, the plasma cannot support the H-mode 
and switch to the E-mode or the hybrid mode. The reason for 
this behavior is still not clearly understood and needs further 
experimental and theoretical studies. 
As it is mentioned above, the MW plasma is characterized 
under the assumption of the negligible influence of diffusion 
on the steady state density of nitrogen metastables (N2(A)). To 
estimate this we assume the opposite: extremely fast diffusion 
of nitrogen metastables and consequently negligible low 
efficiency of stepwise excitation of N2(C-B) light emission 
(see Eq. (1)). The reduced electric field, determined in this 
extreme case, is on average 10% higher than that presented in 
Table 1 and the electron density 30% lower. Therefore, we 
conclude that the influence of the metastable diffusion on the 
reliability of the determined plasma parameters of MMW 
reactor is insignificant and is beyond of the present study. 
The novel ICP coupled MMW plasma source operated in 
nitrogen flow at 1000 Pa is characterized by optical 
spectroscopy and optical imaging. The absolute intensities of 
the second positive and the first negative emission systems of 
molecular nitrogen are measured. The careful analysis of the 
rotational distributions of N2(C-B,0-0) and of N2+(B-X,0-0) 
vibrational bands helps to rule out the stepwise excitation as 
the dominate excitation mechanism for the N2+(B-X) state. 
The absolute intensity measurements reveal the high electron 
density (3.5×1019 m-3) and high gas temperature (1600 K) 
comparable to the electron densities of atmospheric pressure 
plasma torches [20]. The possibility of making arrays of MW 
ICP plasma sources has a large potential for industrial 
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applications. Nevertheless, there are several opened questions 
that will be address in the future. Some of them are the H- to 











Figure 3. Radial images of the MW plasma: (a) hybrid E/H mode, 
absorbed power Pabs = 12 W and (b) H - mode, Pabs = 78 W. Two 
horisontal bars on (a) indicate the approximate position of the 0.5 mm 
gap capacitor, situated closely to the outer quartz tube wall, e.g. 1 
mm away from the plasma to the left. Light reflection by the tube 
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